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Technical Report HL-88-19 1 

elof Hydrodpmics and Water Quality (CE-QUdlC-W2) 

Service, 5285 Port Royal Road, Springfield, 

This report documents tie application of a two-dimensional, laterally averaged, 
numerics% model of hydrodynamics and water quality (CE-QUU-W2) eo Cordell Hull Resewsir, 
Tennessee. 'fife reservoir is part of a system of Corps of Eng2neers-operam resemolrs 
in the Caberland River Basin. Although not problematic within Cordell ELIPI. ReservoPr, 
unacceptably low dissolved oxygen concentrations farther downstream in the system of 
reservoirs have caused concern. This model study was undertaken as part of a potentially 
system-wide modeling effort to evaluate, without risking possible enviromeutal degrada- 
tion by experimentation at prototype structures, the water quality (specifically tennpera- 
ture and dissolved oxygen) impacts of operational changes at fndivid~lal. reservoir outlet 
structures. 

Additionally, this particular study was designed to reveal the interactions between 
hydrodpmics and stratification within Cordell Hull Resemoir. Unstable szratification 
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is thought to be responsible for-two additional problems in this reservoir: the absence 
of an anticipated substantial fishery and a less than desi,rable amount of contact recrea- 
tion. The concept of installing submerged weirs at the mouths of two of the 2eservoir's 
elebayments wfthin an established recreational site was proposed to help alleviate these 
two problems. 

As Cordell Hull Lock and Dam operates as a run-of-the-river navigation project on 
the main-stem Cumberland River, no significant operational changes at this site are pos- 
sible. The reservoir is characterized by high flows, intermittent moderate to weak ther- 
mal stratifhcation, and a relatively shallow pool (maximum depth less than 25 m). These 
factors combine, as was demonstrated by the model testing resul.ts, to preclude significant 
control over the release quality characteristics. However, the advective nature of the 
reservoir presents an advantage. Any changes to the quality of incoming water of Cordell 
Hull Reservoir will be propagated downstream, largely intact. It was concluded, there- 
fore, that changes in the quality of releases from the storage impoundments upstream of 
Cordell Bull Resewoir might impact the water quality a considerable distance downstream. 

The hydrodynamics withtn the resemo3.r were found to be re1ativel.y fnsensitfve to 
the degree of stratification. Thermal stratification was found to remfn moderate to weak 
from the usual top-to-bottom withdrawal patterns in the reservoir. The results of testfng 
with the proposed weirs were mixed, as anticipated. Placement of the weirs resulted in 
the desired stably stratified environment, but also permitted significant depletion of 
dissol.ved oxygen co~lcentrations within the embapents. 

3 . b  boundary conditfon input data are shorn in Appendfx A, and a sensitivity 
analysis performed on the data is desertbed in Appand-hw B. 
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PREFACE 

This report, sponsored by the US Army Engineer District, Nashville, as 

part of a numerical model study, documents the application of CE-QUAL-W2, a 

two-dimensional numerical model of hydrodynamics and water quality, to Cordell 

Hull Reservoir, Tennessee. 

The study was conducted between March 1985 and January 1987 and the 

report prepared by Mr. Stacy E. Howington of the Reservoir Water Quality 

Branch (RWQB), Hydraulic Structures Division (HSD), Hydraulfcs Laboratory 

(PIE), US Army Engineer Waterways Experiment Station (WES), under the direct 

supervision of Mr. J. P. Holland, Chief, RWQB, and Dr. R. E, Prfee, former 

Acting Chief, RWQB, and under the general supervision of Messrs. J. L. 

Grace, Jr., former Chief, HSD; G. A. Pickering, Chief, HSD; and F, A. 

Herrmann, Jr., Chief, HZ, Invaluable assistance was provided by Mr. R. C. 

Berger, Jr., RWQB. Dr. J. L. Martin of the Water Quality Modeling Group 

(WQMG), Environmental Laboratory, and Nr, M. S. Dortch, Chief, WQMG, provided 

guidance in the modeling of dissolved oxygen. This report was edited by 

Mrs. Marsha Gay, Information Technology Laboratory. 

COL Dwayne G. Lee, CE, is the Commander and Director of WES. 

Dr. Robert W. Whalin is the Technical Director. 

This report should be cited as follows: 

Howington, Stacy E. 1988 (Bug). "Application of a Two- 
Dimensional Model of Hydrodynamics and Water Quality (CE-QUAL-W2) 
to Cordell Hull Reservoir, Tennessee," Technical Report H-88-19, 
US Army Engineer Waterways Experiment Station, Vicksburg, MS. 
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APPLICATION OF A TWO-DIMENSIONAL MODEL OF HMRODYNANICS 

AND WATER OUALITY (CE-OUAL-W2) TO 

CORDELL HULL RESERVOIR, TENNESSEE 

PART I: BACKGROUND 

Project Description 

1. Cordell Hull Reservoir is located in north-central Tennessee on the 

Cumberland River (Figure 1). It is impounded by the Cordell Bull Lock and 

Dam, which is maintained by the US Army Engineer District (USAED), Nashville, 

of the US Army Engineer Division, Ohio River. The dam, at river mile (RM) 

313.5 (measured upstream from the mouth of the river), is the most upstream of 

the four navigation projects on the Cumberland River. It houses a run-of- 

the-river hydropower facility with three hydroturbines capable of producing a 

total of 100 MW. Releases from the structure are made primarily through the 

hydroturbines with a small amount of flow discharged through lockages. Excess 

Figure 1. Cordell Hull Reservoir 



flows pass over a tainter-gate-controlled spillway, The average flow through 

the project is approximately 3,686 cu m/sec. The storage at normal summer 

pool (el 153.QJg) is about 8.32 cu km, which provides an average lake residence 

time of about 10 days. The depth of water at the dam is about 21 m at normal 

summer pool. 

2. The reservoir is located in gently rolling terrain which is sur- 

rounded by naoderately mountainous terrain common to the Cumberland Mountains 

of middle Tennessee, The area is wooded but has scattered open fields and 

scenic bluffs. 

3. The lake is generally cold due to the hypolimnetic releases of two 

upstream storage impoundments: Wolf Creek Dam, which. impounds Lake Cumber- 

land, and Dale Hollow Dam, which impounds Dale Hollow Reservofr. Wolf Creek 

Dam is Located at 460.9 on the Cumberland River in Kentucky, and Dale 

Hollow Dam is located at RP/I 7.2 on the Obey River which joins the CsmberLand 

at &he headwaters of Cordell Hull Reservoir at about RM 380,0. Cordell Hull 

Reservoir has a drainage area of 21,000 sq km, but 83 percen: of the flow into 

Cordell Hull Reservoir comes from these two storage impoundments, 

4, Cordell Hull Reservoir is about 416 km long with its headwaters near 

Celina, Tennessee. The Sake is narrow and the steepness of the surrounding 

topography has allowed the reservoir to retain the sinuosity of the pre- 

impounded river. The reservoir has been in normal operation since 1973; how- 

ever, no extensive water quality data base is available. 

5 ,  Immediately downstream of Cordell Bull Dam is Old Hickory Lake. A 

majority of the inflows to Old Hickory are provided from Cordell Z-IuPZ Reser- 

voir, with most of the remainder provided by the Caney Fork River, which joins 

the Cumberland River about 8 kan downstream of Cordell Hull Dam at Carthage, 

Tennessee. About 32 km downstream of Old Hickory Dam is the city sf Nash- 

ville, Tennessee. 

Problem Description and Potential Solutions 

6. Prior to impoundment of Cordell Hull Reservoir, the Cumberland River 

had good reaeration characteristics between Dl 313.5 and KM 385 comparable to 

-- - 
* All elevations (el) and stages cited herein are in metres referred to the 
National Geodetic Vertical Datum (NGVD), 



most other free-flowing river reaches. The dissolved oxygen (DO) concentra- 

tions were usually at or near saturation as the flow entered Old Hickory Lake. 

Even so, significant degradation of the DO concentrations was possible during 

low flows through the Old Hickory pool. Impoundment of Cordell Hull Reservoir 

has turned this reach, which had been a source for DO, into a sink contribut- 

ing to the DO problem in the Old Hickory releases.* 

7. Low DO concentration is not the only problem associated with Cordell 

Hull Reservoir. Prior to impoundment, the reservoir was expected to develop 

and maintain a substantial coldwater fishery.* This fishery has not yet 

developed as expected. A suspected reason for this lack of development is the 

unstable thermal stratification in the lake. The lake can easily transform 

from a moderately stratified reservoir to one with very weak, if any, strati- 

fication. It can also restratify quickly. This type of environment is not 

conducive to warmwater or coldwater fishery development. 

8. The unstable stratification patterns have also served to limit the 

amount of contact recreation on the reservoir. The lake is generally cold due 

to the cold inflows and low retention times, but during the summer months, 

the epilimnetic temperatures in the downstream reaches have reached levels 

adequate for comfortable contact recreation. The consistency of the warm 

epilimnetic temperatures is not guaranteed, however, due to the instability of 

the stratification. 

9. The solutions to these problems are not obvious. However, since a 

large majority of the water in the Cumberland River at Cordell Bull Reservoir 

has passed through at least one Corps of Engineers-controlled structure, it 

was thought that operational changes at these structures might provide some 

improvement, To evaluate this potential for improvement, a more in-depth 

understanding of the dynamic stratification patterns in the  reservoir and the 

physical circumstances which influence these patterns is needed. This under- 

standing may be gained through the use of numerical modeling, A numerical 

model would allow the implementation of operational and physical changes and 

the evaluation of their relative impacts without disturbing the prototype. 

10. One proposal for the improvement of the fishery and contact recrea- 

tion has been the installation of submerged weirs at the mouths of some of the 

--- 
* J. K. Brown. 1984 (Nov). "Application sf L A W  to Cordell Hull ~eservoir~" 
Memorandum for Record, US Army Engineer District, Nashville, Nashville, TN, 



tributaries. This would potentially decrease lower Level exchange with the 

main reservoir and thereby warn these embaylents for recreational use and 

warm-water fishery development. This proposal can also be evaluated by 

computer rather than in the prototype. 

Pur~ose and Sco~e of Studv 

11, CE-QUAL-W2, a two-dimensional, laterally averaged, numerical model 

of hydrodynamics and water quality, was chosen to be applied to CordePP Mull 

Reservoir jointly by the Hydraulics and Environmental I,aboratories of the US 

Army Engineer Waterways Experiment Station (USAEWES). The application in- 

volved model adjustment and verification against observed data for April 

through October of two historical years. The verified model was then used @s 

simulate hydrodynamics, temperature, and DO within the Eake for a wet, an 

average, and a dry April through October for the purposes of (a) developing a 

better understanding of the interactions between stratification and hydro- 

dynamics in this reservoir; (b) evaluating the water quality impacts of pro- 

posed submerged weir placement; and (c) evaluating the effects of hydropower 

operations on reservoir water quality characteristics. This report documents 

the application process and the results of the study. A more detailed 

description of the model is avai lable  in its user's manual (USAEWES 1986). 



PART 11: MODEL DESCRIPTION 

12. An evaluation of the dynamic thermal stratification in Cordell Hull 

Reservoir required investigation of the stratification patterns in both the 

vertical and longitudinal directions. Due to the relative narrowness and 

shallowness of this reservoir as compared to other reservoirs, no significant 

variations in the lateral direction were anticipated. Therefore, a two- 

dimensional laterally averaged model was recommended. 

13. The model chosen for this application was CE-QUAL-W2, a two- 

dimensional lateral-ly averaged model of hydrodynamics and water quality. 

CE-QUAL-W2 is a descendant of the Laterally Averaged Reservoir Model (LAW) 

(Buchak and Edinger 1982), and its descendent, the Generalfzed 'Longitudinal 

and Vertical Hydrodynamics and Transport (GLVHT) model (Buchak and Edinger 

1984). CE-QUAL-W2 contains essentially the same techniques for resolving 

hydrodynamics and conservative transport as those which have been proven in 

over 20 successful, practical applications of the L A W  and GLVHT models 

(Buchak and Edinger 1984). The most important difference between CE-QUAL-W2 

and GLVHT is the addition of water quality simulation capabilities. The GLVHT 

model has been modified and extensive coding added to produce CE-QUAL-W2, a 

model that can simulate the interaction of several important water quality 

parameters (USAEWES 1986). 

14, CE-QUAL-W2 uses finite difference techniques to approximate the 

solution to the partial differential governing equations. In all, six 

unknowns are sought from six equations: 

a. Free-surface wave equation - 
b .  Hydrostatic pressure - 
c. Horizontal momentum - 
d .  Continuity - 
e. Constituent transport - 
f. Equation of state relating density and csnstituenes - 

The solution eechnfque is explicit with the exception of the water-surface 

resolution, which is implicit, This implicit solution avoids the restrictive 

Courant criterion that relates wave speed, grid spacing, and the-step and is 

often the most limiting requirement for computational stability. 

15. Some simplifying assumptions were necessary in the development sf 

the model to maintain its cost effectiveness for practical application. These 



assumptions must be outlined and understood to avoid improper application. 

The two-dimensionality of the model requires that the results be averaged in 

the lateral dimension. Therefore, if substantial velocity or constituent 

gradients exist laterally which need to be represented by other than an aver- 

age value, this model is an inappropriate choice. 

16. The imposition of the solution on a fixed rectangular grid has some 

inherent assumptions. The variables are averaged within the  confines of each 

cell. The grid div5sions must be sufficiently small to represent any impor- 

tant gradients. The fixed rectangular nature of the grid means that slopes in 

topography are approximated by a series of stair-stepped rectangular cells. 

The grid is also assumed to provide an adequate representation of the 

reservoir morphology. The fineness of the grid is important in determining 

the adequacy of the geometric representation. 

17.  Another possible limitation is that CE-QUA'2-M2 does not model cur- 

bulence, It employs eddy coefficients to represent the influences of turbu- 

lence. This assumption is very common among hydrodynamic models and should 

not measurably impact the results of this study. The hydrostatic approxima- 

tion for pressure is also incorporated in this model, This greatly simplifies 

the equations, decreases the computational costs, and is a good assumption 

except in applications where substantial vertical acceleration occurs. 

18. Simulation of biological and chemical parameters within a reservoir 

also requires certain assumptions. Obvi~usly, not every particJ..e and its 

interactions can be traced through a body of water, Therefore, a EinPte num- 

ber of parameters are employed to represent the system's behavior, The model- 

ing processes and a detailed Itsting of the water quality constituents are 

given by USAEWES (%986) ,  



PART 111: MODEL APPLICATION 

19. The application of a numerical model of this nature requires that 

several preparatory steps be taken. These include the development of a nu- 

merical grid, boundary and initial conditions, and a stable, yet reasonable 

time-step size. The geometry and water budget must also be evaluated prior to 

model adjustment. The decisions described in the following paragraphs repre- 

sent the final product and do not always reflect the steps undertaken to 

arrive at these decisions. 

Grid Develo~ment 

20 .  Initially, the model limits within the lake had to be established. 

The decisions concerning grid development required close coordinatl.on between 

USAEWES and the Nashville District. The downstream limit of the model was 

established at RM 313 .5 ,  which is the location of the dam. The upstream limit 

was located at RM 380.5 ,  which is near the Highway 52 bridge at Celina, 

Tennessee, yet below the confluence of the Obey and Cumberland rivers. A flow 

gaging station located at this bridge provided necessary flow data at the up- 

stream end of the model. 

21. The sizes of the computational cells (rectangular divisions in the 

vertical-longitudinal plane) were then computed. Since only one value of 

velocity, temperature, and each water quality constituent may be used to rep- 

resent the entire volume enclosed by these imaginary cells, the cells need to 

be smallest in the areas with the largest variable gradients. In this case, 

good resolution was desired in the area closest to the dam, but was not neces- 

sary in the upstream areas. Since only one cell length (segment length) is 

allowed per branch by the model, the region to be simulated was divided into 

two branches, The reach downstream of 340.5 was declared branch I. The 

reach from RM 340.5 to RM 380.5 at Celina was declared branch 2 .  The vicinfty 

of RM 340.5 was chosen because it is located in a large 'besadway (Smith's Bend) 

and the longitudinal momentum along the axis of the reservoir should be small.. 

The numerical model will not advect momentum at the juncture between the 

branches. The cells in branch 1 were made 1.61 km long to better resolve the 

stratification gradients in this reach, while the cells in branch 2 were made 

8.05 km each. 



22. Vertical dimensions of the cells also had to be declared, This 

dimensfon bs not variable with each branch. The original CE-QUAL-W2 made1 

required that all cells be the same height (same Payer thickness), However, 

the model was modified to allow speeffication of two-l.ayer thicknesses similar 

to that in Bergere* This was determined to be necessary due to the goten- 

tially large slope of the water surface. The model does not allow the water 

surface to span more than two layers at any one tPme, Therefore, a thicker 

surface layer was needed to allow large water-surface slopes during higher 

flow periods while maintaining the vertical resolution over the rest of %he 

pool depth. The cells were made 1 fa @hick except at the surface where they 

were 4 m thick, This did not greatly reduce the resolution i n  the top layer 

as the water depth In this thick layer was usually small, 

2 3 .  The reservoir volume is largely resicfandin the nua2.n stem, bur: some 

of the tributaries appeared to store significant amounts of water, Other than 

the main stem9 which is composed of branches P and 2, three branches were 

defined: Martin Creek (RM 333), Dillard Creek (W 3321, and Defeated Creek 

(Dl 3 1 4 ) .  The volumes of these branches appeared to be substaa.t$al enough t o  

influence the main-stem modeling due to side charnel scorage, POP modeling 

the main stem, the branch volumes were important, but a deba.iled bathpetric 

descs%pt%on was n.ot reqarired. The Hartin and Dillard embayments were actesally 

composed of two tributaries each. However, to conserve coqut.ationa1 time, 

which increases significantly with the addition 0% each branch, the tribu- 

taries within each embajment were volmetrically combined Co form an approxi- 

matton of the Martin and Dillard embapencs, These ez&ayments were named 

branches 3 and 4, respectively, The vertlcal d%scretiza%fon in these branches 

was the sane as the main stem, but the segment lengths were estabfished at 

0.4 kn, This was done to allow these short trib~ltaries to be included while 

not vfolating the modeXVs lower limit on the nx.er of segments necessary to 

define a branch, For Defeated Creek, branch 5, the sesfient Length was estab- 

lished at 1.50 km and the vertical discretization was defined the sanae as the 

other branches, The resulting grid is given in Figure 2. 

24. Other tributaries which contributed flow to the syseem witlaout con- 

tributing substantial side channel storage volumes were Roaring River ('$& 358) 

* R. C. Berger, 1985, Bs~pnprovements to G L W ~ ~ , "  Memorcsndum for Recc~rd, 
US Army Engineer Waternays Experiment Station, Vickskurg, MS, 

10 



SEGMENT NUMBER 

LENGTH 

RM 340.5 BRANCH 1 
(SEGMENT LENGTH = 1,609.3 M) 

SEGMENT NUMBER 

RM 380.5 
b18 

BRANCH 2 RM 340.5 

(SEGMENT LENGTH = 8,046.8 M) 

SEGMENT NUMBER 

BRANCH 3 
MARTIN 
CREEK 

(SEGMENT 
LENGTH 

= 402.3 IW) 

BRANCH 4 
DILLARD 

CREEK 
(SEGMENT 

LENGTH 
= 402.3 M) 

BRANCH 5 
DEFEATED 

CREEK 
(SEGMENT 

LENGTH 
= i,500 M) 

Figure 2. Numerical grid for main-stem simulatfon 



and Jennfngs Creek (M 355), These were dec l a red  a s  . t r i b u t a r i e s  which re-- 

qui red  no geometric d e s c r i p t i o n  i n  t h e  model, Only d i scha rgeo  c o n s t i t u e n t  

concent ra t ion ,  and segment of e n t r y  were r equ i r ed  f a r  t r i b u t a r i e s ,  The re-  

maining tributaries were grouped i n t o  a d i s e r i b u t e d  t r i b u t a r y  term f u r  which 

flow w a s  d i s t r i b u t e d  among t h e  segments w i t h i n  t h e  branch based on su r f ace  

a rea .  

25, Bathymetrlc d a t a  are needed t o  make t h e  numerical g r fd  r ep re sen t  

t h e  l a k e  vo%t\ne. Required a r e  widths a t  s p e c i f i e d  eleva"kfsns w1;ieh correspond 

t o  t h e  tops  of t h e  l a y e r s  a t  each s e e e n t .  Cross-sect ion d a t a  were provided 

f o r  branches I and 2 a t  a r b i t r a r y  i n t e r v a l s  a long the r e s e r v o i r  by Che Nash- 

v i l l e  D i s t r i c t .  These c r o s s  s e c t i o n s  were then  innterpo:l.ated us ing  the US Army 

Engineer Eydrologic Engineering Center (USAEHEC) prsgraxnn GEUA (Geometric Daea) 

(USAENEC 1981) t o  provlde d a t a  a t t h e  des i r ed  3.sngitudPnal logp.atio~?s and at 

t he  des i r ed  e l e v a t i o n s ,  The b a t h p e t r y  d a t a  f o r  branches 3 ,  4 ,  and 5 were 

e x t r a c t e d  by hand f rsm topographi  c mags of the ~ e g i s i ~ ,  L%near I.azterpo3.at%o-n 

between the  contour i n t e r v a l s  was necessary t o  prodilxee widc'hs a t  the 

appropr i a t e  e l e v a t i o n s ,  

Boundary and I n i t i a l  Cosadition~s 
-7p.-- 

26, Condit ions a t  each model. boundary must be speciffed t o  resol.ve t h e  

previous1-y out l ined g o v e r n % ~ ~ g  equat ions ,  These hrsur~dari.es a r e  the water  sur- 
P race, t h e  upstream and domst ream ends of each branch,  and any inf low o r  out- 

flow p o i n t s  a long the r e s e r v o i r .  Meteorolc~gy a f f e c t s  ttae reservoir  a c r o s s  t h e  

water-surface bouradary, 'E/Seteorological. d a t a  needed a r e  s o l a r  radJat%on, me&-= 

f i c i e n t  of su r f ace  h e a t  exchange, equi l ibr ium &er~Pperature, and wind speed and 

d i r e c t i o n .  Dai ly averaged va lues  of t he  c o e f f i e f e a c  of s u r f a c e  b a t  excElange 

and t h e  equi l ibr ium temperature were provfded by t h e  Nae"nv%%le D i s t r i c t  as 

computed from t h e  NasI1v-ille weather stat%oaz 1oa;;bted at the  Nashv%%%e A i r p o r t g  

which i s  about 69 km west of t h e  dam. So la r  r a d i a t i o n  was computed us ing  the 

HEAT program (USAEB, Bal t imore,  1977)  from a i r  t eaa~~e~ :a tu re ,  cloud cover,  dew 

p o i n t  temperature,  and wind speed, These d a t a  were conyueed on a d a i l y  aver- 

aged b a s i s  from da%a obta ined  from t h e  Metearo lsg ica l  Suppert  Group a t  S c o t t  

A i r  Force Base, Illinsis, f o r  the  Nashvi l le  Ai rpor t  weather s t a t i o n ,  

2 7 ,  CE-QUMd-W2 a l lows  s p e c i f i c a t i o n  of e i t h e r  a water--surface ekevat ion  

o r  a  d i scharge  boundary eonditi~n a t  each end o f  a bra.nch, FUY this 



application, flow was gaged at each end of the model limits. Therefore, dis- 

charge was specified at each end of the modeled reach. Branch 1 had zero ex- 

ternal flow specified at the upstream end and the given discharge from the 

structure specified at the downstream end. The upstream branch, branch 2, had 

inflow specified at the upstream end (RM 380.5) and an internal head boundary 

specified at the lower end. An internal head boundary, when specified between 

branches, simply means that the flow from the upstream branch (branch 2 in 

this case) to the downstream branch (branch 1) is dictated by the water- 

surface elevation in the downstream branch at the location of the juncture 

between the branches. 

28. Inflow quality specification was also necessary. Temperature and 

DO were routed from Wolf Creek Dam to RM 380,9 by the Nashville District using 

a statistical program, 401STR.* The Dale Hollow Dam releases join the Cumber- 

land River at approximately RM 380.9. The quantity and quality of these re- 

leases were known at the dam, but the changes as the flow traveled 11.6 km to 

the Cumberland River were not known. It was assumed that the travel time for 

discharge was negligible and that the temperature increased by l o  C for all 

flow and meteorological conditions, based on memoranda from the Nashville 

District.* The upstream gaging station included the flow contribution from 

Dale Hollow Lake, but the Nashville District-routed quality did not. There- 

fore, the upstream inflow quality provided by the Nashville Distrfct was 

adjusted on a flow-weighted basis to include the Dale Hollow contribution. 

29. The inflow quantity and quality had to be specified for each of the 

tributaries and for each of the remaining branches (3-5). The only gaged flow 

data on other than the main stem were on the Roaring River. The Roaring River 

and Jennings Creek tributary inflow quantities were approximated using a com- 

mon drainage area ratio technique (Bruce and Clark 1366), The drainage area 

above the flow gage on the Roaring River was approximately 455 sq be The 

entire drainage area for the Roaring River was 689 sq km, Therefore, the 

gaged discharge was multiplied by 689 and divided by 455 to provide an esti- 

mate of the total Roaring River inflow to the reservoir, Travel times were 

neglected in this process. This procedure also assumed that the precipitation 

amounts and runoff characteristics of each of the reservoir inflow points 

* J.  K. Brown. 1985. Unpublished data, US Army Engineer District, Nash- 
ville, Nashville, TN. 
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specified were the same as for the known region on the Roaring River. 

Branches 3-5 and the distribured tributaries were treated in the same manner. 

Inflow quality also had to be specified. No water quality data were available 

for these inflows. Estimates of the inflow temperature and DO concentrations 

were provided by the Nashville District. The temperature and DO were 

specified as shown in Appendix A, 

30, Downstream, the toral discharge must be specified as well as the 

flow distribution if more than one layer of withdrawal is required. For this 

application, the release device most commonly used was the hydropower intake, 

The intakes for the hydroturbines are shown in Figure 3, These intakes 

spanned several layers vertically, and individual discharges for the layers 

had to be provided. Nashville District tests (USWED, Rashvill-e, 1980) Bndi- 

cated that the downstream section produced a relatively constant discharge 

profile regardless of flow or stratification. This was probably an accurate 

assumption based on the size of the intakes and the usually large flows, The 

zone of withdrawal (Boban and Grace 1973) intersected both t h e  bot tom of the 

reservoir and the water surface under virtually all operating conditions. En 

the Nashville District report, the numerical model SELECT was used f n  the 

verification of this assumption, Although the SELECT version used by the 

NORMAL. SUMMER 
POOL EL 153.6 

TRASH RACKS. 

Figure 3 ,  Mydropc~wer intakes at Cordel.1 Hull 
Reservoir 
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Nashville District assumed zero velocity at the boundaries of interference 

(which is no longer an assumption in the model), the results should not have 

been dramatically different from results using the more recent version. Thus, 

the percentage of the total discharge was established for each of the layers 

based on the profile computed by the Nashville District. 

31. The initial conditions selected were 10' C and 10 mg/E DO. The 

entire reservoir was assumed to be homogeneous on 1 April of each year simu- 

lated. The impacts of the selection of initial conditions were found to be 

negligible after only a few weeks of simulation as detailed in Appendix A. 

32.  The time-step was originally estimated by cell volume displacement. 

This concept simply means that an imaginary fluid particle cannot traverse a 

model cell either longitudinally or vertically within one time-step. This is 

not usually the controlling factor for time-step evaluation but gives a first 

estimate. The maximum vertical momentum diffusion is computed within the 

model based on time-step. Therefore, if the time-step is too large, inade- 

quate momentum diffusion may result, which can lead to local. temperature and 

density inversions. If this situation arises, a reduction in the time-step 

will cause an increase in the maximum allowable vertical diffusion and a 

smearing of the inversions, yielding stable vertical temperature and density 

patterns. The time-step selected for this application was 308 see, except in 

cases where inadequate diffusion occurred; 200 sec was used as a time-step in 

these cases. 

Geometry 

33.  The evaluation of geometry included reservoir volume and surface 

area comparison. The Nashville District* gave estimates of the volume and 

surface area of the Cordell Hull Reservoir at maximum normal sumer pool ele- 

vation (153.6) and minimum normal pool elevation (152,9), The model-eompuced 

values of volume and surface area were then compared to the observed values. 

- - - - - - - 

* US Army Engineer District, Nashville. 'Tordell Hull Lake, Cumberland 
River, Tennessee," pamphlet, Nashville, TN. 



The geometric desc r ip t ion ,  based on these  comparisons, was considered 

acceptab le .  

Water Budget 

34. Observed water-surface e l e v a t i o n s  were then  compared t o  those  pre- 

d i c t e d  by t h e  model. The Chezy c o e f f i c i e n t  was used t o  r ep re sen t  t h e  rough- 

ness  of t h e  bottom of t he  r e s e r v o i r  which, a long wi th  d ischarge ,  determined 

t h e  s lope  on the  water su r f ace .  Dai ly  readings  of water-surface e l e v a t i o n  

were given a t  t he  dam. However, t o  eva lua t e  t h e  observed s lope ,  another  po in t  

of r e f e rence  i n  t h e  r e s e r v o i r  had t o  be used,  Addi t iona l  water-surfa.ce d a t a  

a t  E@f 357 were obtained from t h e  Nashvi l le  D i s t r k t  f o r  a  2-week per iod  in 

August 1981. The Chezy c o e f f i c i e n t  was then  v a r i e d  and t h e  su r f ace  s lope  
1 / 2  eva lua ted ,  The c o e f f i c i e n t  which provided t h e  b e s t  r e s u l t s  was 35 m /set, 

35. With the  s lope  e s t a b l i s h e d ,  t h e  water-surface e l e v a t i o n s  were 

eva lua ted ,  During the  f i r s t  per iod  t e s t e d  wi th  1949 d a t a ,  t h e  p red ic t ed  water 

su r f ace  was c o n s i s t e n t l y  below the  observed va lues ,  However, dur%ng oeher 

per iods  of t he  yea r ,  t h e  p red ic t ed  water  su r f ace  was too  high.  No dra inage  

a rea  r a t i o  e x i s t e d  which would make t h e  given inf lows and outf lows provide t h e  

c o r r e c t  water--surface e l e v a t i o n ,  Evalua t ion  of t h e  observed d a t a  showed t h a t  

a t  t h e  end of one 31-day per iod  (30 June (midnight) through 39 J u l y  19499, t h e  

water-surface e l e v a t i o n  was the  same a s  when t h e  per iod  began ( e l  k53,6),  bu t  

t he  inf low (excluding any t r i b u t a r y  flow) averaged 317 cu m/sec l a r g e r  than  

the  outf low f o r  t h a t  per iod.  Thus, t h e  observed water su r f ace  should have 

r i s e n  s u b s t a n t i a l l y  a s  p red ic t ed  5n t h e  model, 

3 6 ,  The Nashvi l le  D i s t r i c t  was consul ted  about t h e  water  budget 

problem. The D i s t r i c t  i nd i ca t ed  t h a t ,  of t h e  t h r e e  parameters ,  water  su r f ace ,  

inf low,  and d ischarge ,  t he  inf low was the  most l i k e l y  caaadidate f o r  ad jus t -  

ment.* The inf low gaging s t a t i o n  i s  based on a  s lope-discharge r ac ing  curve 

and i s  probably not  a s  acetarate a s  ehe o t h e r  ewo parameters ,  Therefore ,  t h e  

drainage a r e a s  were established inc luding  one desfgnated area ro  r e p r e s e n t  

l a t e r a l  in f low from smal l ,  ungaged s treams and p r e c i p i t a t i o n  on t h e  water  sur-  

f ace .  The main-stem inf low was computed on a  d a j l y  b a s i s  such t h a t  t&e model 

* Personal  Conmunicationz, 20 Aug 5986, Prom J ,  R, Brown, N a s l ~ v i l l e  D i s t r i c t ,  
Nashvi l le ,  TN. 



provided the proper water-surface readings. The inflow computations were 

based volumetrically on a water surface with no slope. Therefore, the pre- 

dicted and observed values for water surface at the dam did not match exactly, 

but were within a reasonable range of accuracy (usually 0.3 m). This accuracy 

was good considering the free water-surface slope during simulations and the 

peaking nature of the releases. 

37. The addition of variable-layer thickness capability appeared to 

cause occasional instabilities in the model. These instabilities were en- 

countered when the water surface moved from one layer into another. These 

instabilities were overcome by using constant widths within each segment for 

each of the layers among which the water surface moved. This procedure re- 

quired that for each individual segment, layers 2, 3, and 4 had the same width 

specified in the bathymetric input. A posttesting evaluation of this problem 

revealed a minor coding error which, when corrected, eliminated this need for 

uniform layer widths. The entire testing sequence was, however, not rerun as 

this change proved to have little impact on the results. 



PART LV: MODEL ADJUSTMEMT/VEREFLCATION 

38. Adjustment is the modification of specified model parameters to 

provide adequate correlation between the model and prototype data. The 

absolute best correlation is seldom, if ever achieved, as the process is gen- 

erally discontinued when the fit is deemed adequate based on experience or 

statistical evaluation of the results, The model is considered to be verified 

when the model-to-prototype correlation is satisfactory. For this applica- 

tion, the temperature and DO profile data were used to evaluate the adequacy 

of the predictions. 

Wvdrodvnamics and Water Temperature 

39. Since hydrodynamics can only be directly adjusted using observed 

reservoir velocities, which were not and are seldom available, the thermal 

structure of the reservoir was used to fine-tune both the hydrodynamics and 

the thermal exchange and distribution coefficients. This is a very common 

practice and historically produces a well-adjusted model for both hydro- 

dynamics and temperature, 

40. The year 1979 was chosen as the year for adjustment due to the re- 

latively large amount of profile data, Most of the adjustment was performed 

using the variables ,9 and y , where f3 Ps the fraction of incident solar 

radiation absorbed in the top 0.61 m of the water column, and y is a coef- 

ficient controlling the exponential distribution of the remaintng thermal 

energy through the vertical water column, 1% was estimated that f3 should be 

about 0.65 and y should be about 0.9 (USAEWES 1986), Simulations were per- 

formed and predicted temperature profiles compared to observed data. The 

model results at the second interior segment downstream (segment 3 7 ,  which is 

just upstream from the dam) were compared to the observed data at RM 314.0, 

Although the first interior segment (segment 38) was more approprfate geo- 

graphically, the numerical boundary effects made the second segment a better 

choice for comparison. The comparison revealed predicted epilimnetic and 

metalimetic temperatures consistently higher than in .  the observed data, 

41.  A sensitivity analysis was performed using ehe input data for the 

sp r ing  o f  2979,  This perlod was selected as a typical seasonal.ly high flow 

period from which infomiation regarding the advective nature of the reservoir 



might be obtained. More detailed results of this analysis are given in 

Appendix B. From this analysis, the thermal structure in the lake appeared to 

be less sensitive to the traditional adjustment coefficients regarding thermal 

influx, wind shading, and longitudinal dispersion. The outlet description, 

inflow qualities, and fixed meteorological input had a more dramatic effect on 

the temperatures. The inflow quality data provided by the Nashville District* 

through statistical modeling were evaluated, The routings had taken place 

from Wolf Creek Dam (KM 460.9)  108 km downstream to RM 393.7,  which was a 

water quality monitoring station, and from Wolf Creek Dam to RM 381.0,  which 

was immediately upstream of the confluence of the Obey and Cumberland rivers. 

The predicted and observed values were compared at T(M 393.7. The discrepan- 

cies in temperature for 1979 are plotted against Julian day in Figure 4 ,  

These discrepancies were included in the input by applying the same correcting 

temperature to the full routing (RM 460.9 to 381.0)  as would have been needed 

in the shorter routing (RM 460.9 to 393.7) to produce the observed tempera- 

tures at the water quality monitoring station. When simulations were 

1 88 158 288 258 dB8 

JLILIAN DAY 

Figure 4. Statistical routing errors for temperature, 2979 

* J. K. Brown. 1985.  Unpublished data, US Army Engineer District, 
Nashville, Nashville, TN. 
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performed with these adjustments, the comparisons between the observed and 

predicted profiles improved noticeably, but not enough. 

42. The outlet description was reevaluated, Several alternative 

methods of defining the release distribution were examined. The method that 

produced, statistically, the best fit between the predicted and observed pro- 

files was a uniform vePocity distrib~tion at the downstream boundary. The 

predicted surface water temperature was, however, still too warm for each 

profile examined. 

43. The meteorological input was also reexamined. According to Brown* 

and Brown,** the conditions at the Naslxville Afrport, where the meteorological 

data were originally collected, were considerably different from those on the 

water surface of Cordell Hull Reservoir, A heavy fog bank often sets up on 

the reservoir which may not dissipate until 9 or 18 a,m, on marly days and can 

reestablish early in the evening. Further, the wind on the reservoir is 

usually calm. A report by TroxPer and Thaekstsn (1977) indicates these same 

tendencfes from studies at nearby sites. The report documents the comparison 

between the meteorologicaL data collected at the Nashville Airport weather 

station and those collected on the Cumberland River and below Center Hfll Dam, 

which is on the Caney Fork River about 22,s km southeast of Cordell Hull Dam. 

The results of their study indicated that the wind speed and a5.r temperatures 

from the airport weather station often significantly exceeded the values at 

the study site. They coneluded that the microclfmate at the airport was sub- 

stantially different from that on the river about 88.5 km away, 

44 .  Another consfderation involved herein is the portion of water sur- 

face of Cordell Hull Reservoir which receives direct sunlight, Due to the 

steeply sloping, meandering, tree-lined banks, some of the water surface of 

the reservoir is shaded for many of the daythe hours, The heat influx is 

probably reduced somewhat by thfs shading, 

45, A small amount of temperature data were found from the Cordell Hull 

Dam, but not enough infomation existed at thls site to compute soEar radia- 

tion, equilibrium temperature, or coefficient of saxface heat exchange, These 

data indicated that the alr temperatures at the Cordell Hall1 Dam were 

* Personal. Communication, 3 Bct 1986, from J.  R, Brobm, US Army Engineer 
District, MashvilZe, Nashville, TN, 

** Personal Comunication, 3 Bet 1986, from R e  T, Brown, Tennessee Technslog- 
ical University, Cookewflle, TN. 



consistently substantially lower than the data collected at the Nashville Air- 

port weather station. Based on this information, it became obvious that the 

meteorological data from the Nashville Airport were often unrepresentative of 

the Cordell Hull microclimate. Unfortunately, the existing data from the 

project were too sparse to allow quantification of the changes needed to 

transform the airport data into values more representative at Cordell Hull. 

Thus, to maintain the simplicity sf the adjustment, the equilibrium tempera- 

tures and wind sheltering coefficients were the only changes to the input. 

The equilibrium temperatures were adjusted on a monthly basis. The changes 

that provided the best correlation between predicted and observed temperature 

profiles for the adjustment phase were as follows: 

Equilibrium Temperature 
Month Reduction, O C  

April 3,0  

June 4.0 

July 4.0 

August 

September 

October 

4 6 .  The possible values for the wind sheltering coefficient range from 

0, which is no wind, to 1, which means the full wind speed is applied in the 

computation of wind-induced mixing. The values decided upon were 0 , 3  for the 

main-stem branches and 8 . 2  for the side channel branches to coincide with the 

low wind speeds observed at the reservoir. These values were obtained purely 

by estimation of the impacts of the meandering nature of the reservoir, the 

topography, and vegetation on the wind speed at the water surface, 

4 When the simulations were performed with the meteoroSiogica.1 adjust- 

ments, the correlation was much improved, The water-surface temperature pre- 

dictions were much closer to the observed values than before, However, the 

shape of the profiles, especially the location of the thermocline, was not 

accurate, The shape of the temperature profiles appeared to have been better 

with the original outlet configuration, which consisted of a constant, aas~luni- 

form discharge distribution among the layers, The provided discharge profile 

(USAED, Nashville, 1980) was then used with the adjusted inflow qualities and 



meteorological condisions. The resulting correlatl.on was significantly im- 

proved. Comparisons to observed data were deemed adequate, and the tempera- 

ture adjustment was concluded. 

48, The temperature verification results (comparisons following the 

final model adjustments) are gfven in Plates 1-6, For each of six locations 

in t he  lake, temperature versus depth is shorn. at seven dtfferent. times during 

the simulation period. The overall comparison between the observed and numer- 

ically predicted temperature profiles was good, The only signl.ficant devia- 

tions occurred f n  the upstream region where inflow temperature dominated. Any 

error in inflow temperature was very pronounced at the upstream observa'tisn 

stations, The time of day of the comparison was also i'%~portan.f:~ The model 

results reflected daily averaged val..ues while elle observed nleasaarernents could 

have varied greatly over the course of one day, Most of the devfatfons due to 

this consideratisn e~ould have been seen near the seerface, 

Dissolved Oxygen ----------- 

4 9 ,  DO modeling was performed i a  conjunction with the Environsrtental 

Laboratory at U'SW,EWES, DO f s  a primary consideration fa water qanalfry evaK.ua- 

tion and can be interdependent with several dl.fEerent parameters, Nodeling of 

DO can, therefore, take on variolas degrees sf cesnxplerrc5ty, For this applica- 

tion, a labfle d1.ssolved organic matter (DO%) zeroth-order decay was used, 

58, DO modelfng required slight modiffeations t o  the model input used 

in the hydrodynamics and t:eauperature adjustment phase, The only additional 

data reqalired were DO concentrations f o r  31% infYo~~s, a ~uaxianusa DON decay 

rate, and coefficrients for the rate multiplier term ~~hicb adjusts the decay 

rate based on temperature, Pnf low D 6  cc9ncerrtrations9 whl.c'kz had been statis- 

tically routed to 38%,0 ,  were adjusted for the errors i n  co-mparison with 

the 'RH 393,7 water qualisy station, as in the eemperature adjustnent. The 

izzflow DO 1x8s a l s o  adjusted for Dale FIollow Dam release DO cance-mtration, 

The DO measured in t h e  Dale Hollow Dam releases was used a t  the upstream 

boundary by determining the percent contribution made by the Obey River to ehe 

total inflow and adjusting the? DO approgr1.ateEy based on a flow--wel.ghted 

approach, 

$1, Af ter  the initial s%mtnlat2ons, the predicted DO levels for the 

metalimnet.2~ and ep2limn.etie regions sf the lake were %ewer than those 



observed i n  t h e  r e s e r v o i r  f o r  many of  t h e  observa t ion  days and s t a t i o n s .  An 

eva lua t ion  of t h e  s a t u r a t i o n  l e v e l s  i n  t h e  observed d a t a  i n d i c a t e d  t h a t  super- 

s a t u r a t i o n  e x i s t e d  f o r  much of t h e  r e s e r v o i r  on many of t h e  observa t ion  days. 

Also, t h e  observed DO concent ra t ions  wi th in  t h e  r e s e r v o i r  were cons iderably  

h ighe r  than  the  inf low concent ra t ions  had been f o r  a cons iderable  t ime p r i o r .  

The DO concen t r a t ions  a c t u a l l y  appeared t o  have inc reased ,  on s e v e r a l  occa- 

s i o n s ,  as t h e  water  passed through t h e  r e s e r v o i r ,  Therefore ,  it was concluded 

t h a t  a source of DO must have e x i s t e d  i n  t h e  r e s e r v o i r .  The most reasonable 

t h e o r i e s  were h igh  t r i b u t a r y  inf low DO and photosyn&hetlc  oxygen generat ion.  

5%. The t r i b u t a r y  inf low DO concent ra t ions  were a r t i f i c i a l l y  r a i s e d  t o  

14 mg/R and t h e  s imula t ions  performed again.  Only a minor i nc rease  was ob- 

served i n  t h e  DO concent ra t ions  i n  t h e  main stem. The amount of f low cont r ib-  

u t ed  by t h e  t r i b u t a r i e s ,  a l though r e l a t i v e l y  h igh  dur ing  t h i s  per iod  cornpared 

t o  o the r  pe r iods ,  was s t i l l  only a smal l  percentage of t h e  f low i n  t h e  main 

stem. Therefore,  any change 1n c o n s t i t u e n t s  i n  t h e  t r i b u t a r y  inf low would 

have only s l i g h t l y  impacted the  main-stem r e s e r v o i r  water  q u a l i t y ,  

53. Another poss ib l e  explana t ion  f o r  t h e  i n c r e a s e  i n  DO w i t h i n  t h e  res -  

e r v o i r  was photosynthe t ic  oxygen genera t ion ,  Highly oxygen-supersaturated 

water  has  been observed when a lgae  a r e  present  (Wetzel 1995). These sa tura-  

t i o n  l e v e l s  a r e  ob ta inab le  through the  model by sfmulatfng a lgae  and i t s  

i n t e r a c t i o n s  wi th  o t h e r  c o n s t i t u e n t s ,  However, more :inflow c o n s t f t u e n t  da t a  

were requi red  t o  adequately r ep re sen t  a lgae  than  were a v a i l a b l e  from t h i s  res -  

e r v o i r .  For t he  type  of DO modeling used i n  t h i s  a p p l i c a t i o n ,  which was 

chosen based on t h e  types  and amounts of d a t a  a v a i l a b l e ,  the only sources  of 

DO were su r f ace  exchange and inf low,  Surface exchange woultl, however, have 

d r iven  supe r sa tu ra t ed  su r f ace  water  toward s a t u r a t i o n ,  Fu r the r ,  supersatura-  

t i o n  could have been achieved from nonsupersaturated inf lows by inc reas ing  

water  t e w e r a t u r e .  I f  coldwater inf lows were not  allowed t o  degas 8s t h e  

temperature s f  %he water  increased ,  as wi th  an underflow, t h e  s a tu rae ion  l e v e l  

would have fncreased ,  Rowever, t h e  csncenera t lon  l e v e l s  would not  have 3n- 

creased  a s  t h e  observed d a t a  showed, only the percentage of s a tu ra t%on ,  

5 4 ,  The observed d a t a  furn ished  by t h e  Nashvi l le  D i s t r i c t  revea led  

s i g n i f i c a n t  supe r sa tu ra t ion  during many of the e a r l y  daytime observa t ions .  

Th i s  tfme of day should have corresponded wi th  t h e  lowest levels of DO based 

on t r a d i t i o n a l  d i u r n a l  p a t t e r n s  (Wetzel E975), Genera l ly ,  t h l s  supersa tura-  

t f o n  w i l l  occur i n  t h e  l a t e  a f te rnoon.  Fur ther ,  i f  s u f f i c i e n t  a l g a l  a c t i v i t y  



e x i s t s  t o  produce h igh ly  supe r sa tu ra t ed  water ,  t h e  same a c t i v i t y  w i l l  u sua l ly  

d e p l e t e  t h e  DO a t  n lgh t  and f n  t h e  e a r l y  morning due t o  r e s p i r a t i o n ,  Addi- 

t i o n a l  d a t a  were obtained from an  ongoing s e p a r a t e  d a t a  c o l l e c t i o n  e f f o r t  by 

Tennessee Technological Univers i ty  f o r  t h e  Nashvi l le  DPs&rfct ,*  The unusual ly 

high s a t u r a t i o n  Levels during e a r l y  mornfng obsema t fons  were a l s o  recorded 

Curing t h i s  effor:. A s  t h i s  phenomenon i s  no t  c o n s i s t e n t  wi th  h i s t o r i c a l  

a l g a l  processes  observed a t  o the r  s i t e s ,  t he  CE-QUAL-W2 model w i l l  n o t ,  i n  i t s  

present  form, reproduce such s a t u r a t i o n  Levels a s  t h e s e  t imes even when ade- 

qua te  inf low da ta  are a v a i l a b l e  f o r  a l g a l  modeling, Therefore,  t h e  nodel ing  

of a lgae  Isas not  conducted, 

55, DO adjustment was concluded w t t h  t h e  DON decay tern s e t  a t  

0.09 mgIR pe r  day. The b e s t  agreement between t h e  observed and p r e d i c t e d  pro- 

f i l e s  w a s  achieved wi th  t h i s  decay t e r n  and t h e  r a t s  mul t3pI le r  c o e f f i c i e n t  

func t ion  shown i n  Figure 5,  The r a t e  m u l t i p l i e r  i n  t h e  model a d j u s t s  t h e  

decay t e r n  a s  t h e  temperature changes, For t h i s  a p p l i c a t i o n ,  t h e  r ake  mult i -  

p l i e r  c o e f f i c i e n t  increased  from 0.1 a t  5" C t o  0,98 a t  2%' @, T h e  m u l t i p l i e r  

t e r n  remalned cons tan t  a t  0.98 for temperatures  g r e a t e r  than 25" 6 .  The maxi- 

mum DON decay tern (0.09 mg/R per  day i n  t h i s  case)  was ~nzel t ip l ied  by t h e  r a t e  

n l u l t i p l i e r  t o  d e t e m l n e  t h e  decay r a t e  f o r  each c e l l  at each time-step, The 

u p d a t e  i n t e r v a l  ( w h i c h i s  an input  t o  t h e  model) de t e rn ines  t h e  frequency wi th  

T 1 = 5  T2 z 25 

TEMPERATURE, 'C 

Figure 5,  Rate n u l t i p l j e r  

* R, T ,  Brown, 1984,  Unpublished d a t a ,  Tennessee Technological Un ive r s i t y ,  
Cookevil le ,  TN, 



which the rate multiplier is adjusted and can conserve computational time if 

chosen properly. 

56,  The DO verification results are given in Plates 7-12. The results 

were generally good. However, the supersaturation in the epilimnion shown in 

May, June, August, and September (Plate 12) could not be simulated with the 

existing data. The errors between the predicted and observed DO concentration 

at the surface sometimes exceeded 3 mg/R, During periods when the pool was 

not supersaturated, the predictions were good, often within 1 m g / ~  for the 

entire profile. The errors seen in Plate 7 for the July and September pro- 

files were probably caused by inflow DO errors in the model input. This sta- 

tion was located near the inflow point and should have matched very closely 

with the inflow concentrations. 

Final Verification 

57, To increase the confidence in the model verification, a model/ 

prototype comparison was made using a separate data set without making any 

further modifications to model parameters. The year 1981 was selected for 

final verification of the model. The hydrology, meteorology, and other 

boundary input were developed for 1981 and the April-October period was simu- 

lated. The equilibrium temperature changes used in adjustment were also 

employed in the verification. A comparison of a limited amount of observed 

data with the model predictions is given in Plates 13-24, The comparison was 

very favorable. It originally appeared that the surface temperatures were 

being slightly underpredicted by the model, This was due, in part, t o  aver- 

aging within the top layer by the model. The observed data, in all cases, 

included a measurement imediately below the water surface which is not 

directly con~parable to model output. Significant stratiff.cation was rare, hue 

when it occurred, the calibrated model predicted it well., Although only 

limited observed data were avail.able for 1981, the comparisons supported the 

equilibrium temperature adjustments resulting from the adjustment phase. 

58, A trend in DO concentrations similar to that encountered during 

adjustment was observed in the verification phase, The model predicted the 

hypolimnetic DO values  well. For most comparison dates, it predicted the 

epilimnetic and metalimnetic regions well, but results for the dates on which 

supersaturated levels of DO occurred, such as 15 July, were not matched due to 



the constraints (both in the input and the algorithm) on the type of DO model- 

ing being performed. 

59, Release water quality data had been collected during 1981. A com- 

parison of the model-produced release qualities with the observed values was 

performed. The predicted and observed release temperatures are given in Fig- 

ure 6 and the predicted and observed release DO concentrations are shown in 

Figure 7. The tailwater data were collected hourly by the United States Geo- 

logical Survey (USGS) with Corps of Engineers funding. The model predictions 

of temperature and DO were reasonably close to the observed values. In the 

sprl.ng and sunlmer, the release temperature observations were warmer than the 

predictions, and in the fall, the opposite was true. Any significant contact 

with the atmosphere between $he time the water was released and the t h e  it 

was sampled would, at least in past, have explained the errors. The standard 

error between the predicted and observed temperatures was 2,61" C, Much of 

the error stemmed froix the spring discrepancies. Since the tailwater data 

collection location was about 400 m downstream of the dam on the right bank, 

atmospheric Influence and mixing with previously released water could have had 

a noticeable impact on the releases prior to measurement, 

60. The predicted versus observed release DO concentrations were 

acceptably close with a standard error of 0.84 rng/R, The only period which 

produced a poor comparison was the month of May, The outflow for the first 

95 days sf May for 1981 averaged about 850 eu m/sec. This was an extremely 

low flow event for this project as the 1979 average for the same period was 

about 5,000 cu m/sec, The excessive error in DO during this period indicated 

that perhaps the decay coefficient chosen during adjustment was not accurate 

for all flow conditions. It appeared to provide reasonably good results for 

the majority of conditions, but not for very high retention times associated 

with low flows through this project, These conditions were not seen during 

the adjustment phase, 

61, The results of the final verificatfon indicated that the coeffi- 

cients selected during adjustment were generally appropriate. The very 

limited quantity of comparison data, however, was a hindrance in accurately 

estimating the model's reliability, However, general trends indicated that 

extended modeling during very low flow periods may necessitate the reevalua- 

tion of the DON decay coefficients. The errors between the predicted and ob- 

served release quality may have stemmed from incompatibility of the two data 



- MODEL PREDICTED 
OBSERVED JUL IAN DAY 

Figure 6. Predicted versus observed release temperatures 

J U L I A N  D A Y  

Figure 7. Predicted versus observed release DO concentrat ions 



s e t s ,  The observed d a t a  were obtained by evenly weight ing a l l  24 hour ly  ob- 

s e r v a t i o n s ,  which produced d a i l y  averages of t h e  r e l e a s e  q u a l i t i e s .  I n  t h i s  

process ,  t h e  d a t a  c o l l e c t e d  during zero-flow pe r iods  (nongeneration) were 

given equal  weight ing wi th  those d a t a  c o l l e c t e d  dur ing  genera t ion  per iods .  

The predic ted  r e l e a s e  q u a l i t y  d a t a  were produced by model s imula t ions  us ing  

averaged d a i l y  r e l e a s e  q u a n t i t i e s  evenly d iv ided  over  t h e  24-hour pe r iod ,  

These f a c t s  made model assessment based on t h i s  comparison very  d i f f i c u l t .  

This  co~nparison of r e l e a s e  q u a l i t i e s  could f u r t h e r  have been compromised by 

any downstream c i r c u l a t i o n  o r  mixing between t h e  immediate r e l e a s e s  and any 

previous ly  r e l ea sed  water  i n  t h e  t a i l r a c e  a rea .  



PART V: SIMULATION OF WET, AVERAGE, AND DRY YEARS 

62. Simulations of the April-October period for a wet ( 1 9 7 9 ) ,  an aver- 

age (1981) ,  and a dry (1975) year, each designated by the Nashville District, 

were performed to evaluate the interactions between hydrology, meteorology, 

and stratification within the reservoir. The boundary conditions used for 

each of these simulations can be found in Appendix A. 

6 3 .  The wet year, 1979,  was simulated during the adjustment portion of 

the model study. Stratification during this year was present, but was usually 

weak due to the consistently high flows. Extensive warming of the water was 

rare as retention times were low. Sample velocity vector and temperature and 

DO contour plots are shown in Plates 25-34. Temperature contours are plotted 

across the longitudinal segments, which were shown in Figure 2.  As mentioned 

in paragraph 21,  the segments were 1.61 km for branch 1 and 8.05  ?a for 

branch 2. Longitudinal stratification can be seen during the periods of weak 

vertical stratification, such as Julian day 302,  which is the end of October. 

Moderately strong stratification occurred in late June, as is shown by the 

temperature contours for Julian day 180.  Very little DO stratification was 

observed at any time during 1979.  The DO stratification that existed was 

generally along the longitudinal axis and was caused by gradual decay and 

changes in the inflow DO. 

64 .  This year, 1979,  exhibited the Largest flow contribution from the 

tributaries for the 3 years simulated. The impact of these contributions 

appeared to be small. The tributary peaks tended to coincide with the high 

flow periods and were overshadowed. 

65. The average year, 1981,  was simulated during the verification phase 

of the study. The early spring of this year was dry as seen in Table 1. How- 

ever, June was wet and the summer and fall were average. Velocity vectors and 

constituent contours are provided in Plates 35-44. This year provfded a good 

opportunity for the evaluation of the relationship between meteorclogy, hy- 

drology, and stratification, In June 1981,  the inflow and outflow from the 

model were consistently high for a period of several days. It seemed that 

this system, which is prone to unstable stratification, should have been 

destratified during this period of high flows. However, in the model results, 

stratification existed during this high flow period, was destroyed, and then 

redeveloped, Control over the stratification appeared to lie w%th the 



Table 1 

Average Monthly Discharge from Cordell Hull Reservoir 

- 
Average Monthly Discharge, see, 

for Year 
Month 1975 19  79  1981 ---- 

April 13,184  8,875 1 ,368  
Nay 5 ,751  3 ,738  2 ,244  
June 2,575 3,149 6 ,602  
July 1,185 3 ,191  2 ,981  
August 834 3,805 2 ,863  
September 1,099  4 ,861  2,716 
October 2 , 2 3 5  4 ,059  2,559 

equilibrium temperature. A drop in equilibrium temperature during this period 

resulted in almost total destratification by vertical mixing. men the 

equilibrium temperature rose again, the stratification returned. 

66. Reservoir destratification may be tied to storm events, When a 

stom passed, the equilibrium temperature dropped significantly and %Re wind 

speed usually increased, which helped mix the upper layers. The cooling of 

the wa%er surface and the wind and intemlal mixing combi.ned to quickly dis- 

perse vertical stratification. Longitudinal stratification was evident even 

during periods when vertical stratification was not. 

6 7 .  The dry year, 1 9 7 5 ,  was then simulated. Flows during the late 

spring were extremely high, but the summer flows were extremely low (see 

Table I ) ,  The low summer flows, due largely to the spring drawdown sf Lake 

Curaberland upstream for repair work on Wolf Creek Dam, resulted in long reten- 

tion times and much higher DO decay. The lower flows also produced higher 

inflow temperatures for the Cumberland River at Celina than f o r  the wetter 

years. These higher temperatures became the hypoliannetic temperattares within 

the Cordell Hulk Reservoir. The inflow temperatures, although higher for this 

year than for the other years simulated, were still not high enough to cause 

an interflow or an overfkoes. The in-reservofr water was consistently warmer 

than the inflow for the simulation period. The constant full-reservoir-depth 

withdrawal through the hydropower intakes prevented significant cool-water or 

warm-water resource conservation. Therefore, the strength of the stratifica- 

tion, based on temperature differential, for this year was not. fncreased over 

the wetter years. These trends are evident in the veY..ocity vector and contour 

plots in Plates 45-54 ,  



68. Generally, for all 3 years simulated, the velocity fields were 

unchanging except during extreme flow events. The direction and relative 

length of each velocity vector remained mostly constant for various dis- 

charges. For most situations, the differences between velocity fields could 

have been approximated by scaling of the entire field based on total dis- 

charge. For example, if the flow through the reservoir were doubled, the 

velocity vectors would, in general, retain their basic direction and double in 

length (magnitude). Only during very low discharges did a flow reversal 

occur, and then the velocities were very small. The hydrodynamic dominance 

prevented the formation of density currents having the same order of magnitude 

as the advective currents, The density influences were present but were not 

easfly noticeable in the velocity fields due to the generally high flow 

through this system. 

69. Discharge appeared to control the strength of the stratification 

but did not dictate its existence for the range of flows examined in this 

study. Equilibrium temperature was the key to the creation and destruction of 

stratification. The process resulting in temporary destratffication was the 

same as that observed in the fall when many lakes destratffy, The surface 

waters were cooled and began to sink. Mixing ensued and this process con- 

tinued downward through the water column. Wind mixing aided in the breakup of 

stratification, but its effects could not be separated from the other compo- 

nents in the mixing process. The high velocities in rhe lake probably also 

assisted in the breakup of stratification by helping transport water 

vertically. 

40.  For each of the three years simulated, slighr to moderate stratifi- 

cation existed, periodically, from April until late October, A short-lived 

upward surge in equilibrium temperature in October was shorn to quickly pro- 

duce significant stratification in the system although f% had been almost 

completely devoid of thermal. stratification just a few days earlier. 



PART VI: SUBMERGED WEIR EVALUATION 

71, The adjusted and verified model was then used to preview the pocen- 

tial impacts of placing submerged weirs at the mouths of two em'bayments in the 

reservoir. At about RM 332 on the Cumberland Ri,ver near Granville, Tennessee, 

the embayments of Martin and Dillard creeks enter the main stem of Cordell 

Hull Reservoir, A Corps of Engineers recreational site has been developed in 

this area which includes much of the two embayments. Use of this recreational 

site for fishing and water-contact recreation bas been limited due to the cool 

water temperatures. One proposed solution to the problem is the installation 

of submerged weirs at the mouths of the embapents which surround the recrea- 

tional area. This solution would have the potential to warm the e~~~bayments by 

reducing the intrusion of the colder bottom flows from the main stem. This 

warming effect would encourage contact recreation such as swirming and skiing 

and would provide an eanviroment perhaps more suitable for a warmwater 

f ishery . 
72, To evaluate the installation of these weirs, some changes in the 

main-stem model were necessary. To simulate the embayments properly, the 

bathymetry in this area had to be refined. The branch morphology had been 

"roughed in" for the main-stem modeling by treating these embaynents as one 

branch each, when they actually consisted of two major arms each. The Martin 

Creek embapent consists sf Martin Creek and Dry Pork. The Dillard Creek 

embayment consists primarfly of Dillard Creek and EIt@le Indian Creek, Each 

of these four creeks was declared a branch in the weir evaluation portion of 

the study. The bathymetry in the branches was derived, by haad, from 1,52-m- 

interval contour maps, The discretization of these branches was the same, 

vertically, as the two main branches. The segment length was set the same 

(406 m) as in the main-stem representation of these embag~~nents, 

7 3 ,  No gaged flows, observed temperatures, or DO concentrations were 

available for any of the four creeks. Drainage areas were employed as before 

to determine the inflow quantities. The temperatures and DO concentrations of 

the inflows were assumed to be the same as the tributary values provided by 

the Nashville District in the main-stem modeling, The USGS in Nashville was 

consul2ed con.cerning drainage areas," Martin Creele, was the only one of the 

* Personal Comunicat%on, 14 Jul 1986, from Jerry Lowery, US Geological Sur- 
vey, Nashville, TIT, 

32 



four with a known drainage area. The individual inflows for all four creeks 

were determined from the contour maps by tracing the ridge lines, determining 

the drainage areas, and applying a drainage area ratio to gaged flow on the 

Roaring River. The resulting drainage areas and branch identification 

follow: 

Branch Drainage Area, 
No. Creek Name sq km 

3 Martin Creek 96.0 
4 Dry Fork 25.9 
5 Dillard Creek 11,6 
6 Little Indian Creek 44.0 

74. The discretization and geometry of branches 1 and 2, which comprise 

the main stem, remained the same as in the previous work. Defeated Creek, a 

branch in the main-stem simulation, was declared a tributary to conserve com- 

putational time for the weir evaluation since it should not have affected the 

results in the area of interest. 

75. Weir simulation is not a standard option in the model. Therefore, 

a technique similar to that used by Gordon (1981) was employed to simulate 

weirs. The velocities and longitudinal momentum terms were set to zero at the 

location of the artificial weirs. An alternative to this method would have 

been alteration of the bathymetry to reflect a one-segment bump in the reser- 

voir bottom at the desired location. However, a disadvantage of the latter 

technique was that the weir would have had a erest width equal to the segment 

length En the branch containing the weir. In this case, the weir crest would 

have been 400 rn across. This was considered unacceptable and the former 

alternative was employed. 

76. The location and height of the weirs were established. In defining 

the branches, the downstream limits of Martin and Dillard Creek embayments 

were established at the Highway 53 bridge which crosses both embapents close 

to the main stem of the reservoir, The simulated weirs were also located at 

these bridge crossings for both embayments as shotm in Figure 8, The weir 

crest elevations were established at 151.4 me* This ekevatton was chosen to 

correspond to the interface elevatfon between two model layers and to allow 

pP 

* Persona:l Comunicztion, 16 Sep 1986, from Mr, J. K. Brown, US Army Engineer 
District, Nashville, Nashville, TN. 
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Figure 8, 'Location map f o r  submerged wePr a n a l y s i s  

ample freeboard f o r  boa t ing  t r a f f i c  i n  and out  of t he  embayments, even during 

.low water  per iods .  

77. The year  I975 was chosen t o  be used i n  t he  weir  eval.uation because 

of t h e  long per iod  of extremely low inf lows during the  summer a s  seen i n  

Table 1. Si.nce a  p o t e n t i a l  problem foreseen  with the  proposal. wa.s DO degrada- 

t i o n  i n  the  embayments, t he  use of 1935 d a t a  should have revea led  the  worst 

r e s u l t i n g  condi t ions  of t he  3 yea r s ,  Simulat ions were performed both with and 

without: t he  wei rs  i n  p lace .  Sample r e s u l t s  a r e  shown i,n F l a t e s  55-57. 

78. The n e t  exchange r a t e  of water between the  main stem and the  ernbay- 

rnents was no t  no t iceably  impacted by the  i n s t a l l a t i o n  s f  $he w e i r s ,  This  was 

reasonable s i n c e  the  flow exchange wi th  t h e  main stem was c o n t r o l l e d  by water- 

su r f ace  d i f f e r e n t i a l ,  which was not  apprec iab ly  a f f e c t e d  by t h e  presence of 

t h e  taeirs .  The lower l e v e l  i n t r u s i o n  was, however, effective1.y stopped by the  

wei rs .  I n  t h e  s imula t ions  without  we i r s  i n  p l ace ,  t he  densi ty-driven cooler  

water  pushed i n t o  the  embapnents and t h e  su r f ace  waters  moved from t h e  embay- 

ment in%o t h e  main stem t o  main ta in  con t inu i ty .  Therefore ,  without  we i r s ,  t he  

embayment water  q u a l i t y  c l o s e l y  followed t h a t  i n  t he  main stem, However, wi.th 

we i r s  i n  p l a c e ,  some impact: on embayment water  q u a l i t y  was induced, 

79. I n  gene ra l ,  the w e i r s  produced very  l i t t l e  of t h e  des i r ed  impacts.  

The d e s i r e d  warming e f f e c t  was not  displayed i n  t h e  r e s u l t s .  The su r f ace  



layers were warmed slightly, but not appreciably. The lower and middepth 

layers were actually made cooler by the weir placement. The cool water from 

the homogeneous temperature condition in April was somewhat trapped by the 

weirs. The water behind the weirs was slowly warmed by surface heat influx 

and diffusion with very little help from hydrodynamic mixing. Meanwhile, the 

lower layers of water in the main stem were being quickly withdrawn and re- 

placed by warmer inflows. Therefore, a temperature gradient did develop 

across the weirs, but with the cooler water on the embayment side instead of 

the anticipated main-stem side. Without weirs, density currents and hydro- 

dynamic mixing quickly conformed the embayment quality to that of the main 

stem. 

80. The stagnation of this water behind the weirs produced an antici- 

pated, undesirable result, The DO behind the weirs was unchanged at the sur- 

face after weir installation, but the lower layers experienced substantial 

decay. The upper layers were free to exchange with the water surface and the 

main stem, which prevented serious decay problems. However, the lower layers 

were essentially motionless and gradually reached unacceptably low levels of 

DO as stratification prevented atmospheric exchange and oxygen demands on the 

water persisted. The DOM decay coefficients established during adjustment of 

the model (Figure 5) were also employed during the weir evaluation. 

81, One beneficial aspect of the weir placement was the stability of 

the stratification. If ample DO could be maintained behind the weirs, a 

stable environment for fishery development might be created by placement of 

weirs. This would require further evaluation of the stratification under 

higher inflow and tributary flow conditions to ensure that no hydrodynamically 

induced flushing of the embapents occurred. 



PART VII: KYBROPOWR OPERATION ANALYSIS 

82. After the weir evaluation was completed, a short-term data- 

intensive modeling effort was undertaken easing the adjusted main-stem version 

of CE-QUAL-W2 to evaluate the short-term impacts of hydropower operations, 

meteorology, and hydrology on the reservoir characteristics. The data, which 

were supplied on a dai.1~ basis for the main-stem mode-ling, were provided at 

hourly intervals for this simulation. This amount of data would have been 

impractical for seasonal evaluations such as the main-stern effort described in 

Part V. The Nashville District selected a 2-week period begfnning on 29 July 

and ending on E l  August 1981 for the intensive siwkations, The model was not 

altered from the main-stem version with the exception of Input data. 

83. Figure A1 shows the discharge through the hydropower facility over 

the 2-week period (Jufian days 210 through 2231, Inflow corrections which 

were used in earlier work were not employed here due to the short time span 

involved. Contour and vector plots from this simu%atfon are show in 

Plates 38-62. As expected, the temperature contours near the outlet were 

drawn downward developing a warmwater "wedges' in two dimensions. m e n  hydro- 

power was not operating, the buoyancy effects of the wedge forced it toward 

purely vertical stratification. The resulting vertical velocities were 

evident in the vector plots, 

84. An underflow was observed during the simnlationr, This demonstrated 

the influence of stratification on hydrodynamics during higher flow periods, 

an influence whfch was not as easily discernable by examination of the veloc- 

ity vector output. TRis underflow moved along the bottom until it completely 

diffused, 

85. The diurnal variations in water quality were more thoroughly evalu- 

ated by producing temperature and DO contour and velocity vector output every 

3 hr for a short period, The day $1214 (2 August 1981) was chosen as a 

representative day for evaluation. Plots for this day are shown in Plates 63- 

70. These plots provfded insight into the surface heat exchange process as 

well as the system's response to starting and stopping of the hydropower 

units. On this day, the hydropower units were started between I0 a.m, and 

1% a.m. with a total discharge of about 2,125 cu m/sec. The discharge was 

increased at about B p,m. to approximately 4,500 cu m/sec and rematned there 

until the unlts were turned off at about 9 p.m. ThPs was a fairly typical 



operation during this period. Surface cooling due to a nighttime drop in the 

air temperature, and thus the equilibrium temperature, was evidenced in the 

results by the deepening of the contours at the water surface caused by verti- 

cal mixing. The actual velocity vectors associated with this surface mixing 

were masked by the other velocities in the field. Stronger stratification in 

the surface layers was evident during the daytime hours when heat influx was 

high. No significant die1 variations in DO occurred, so contour plots of this 

constituent are not shown in this section. 

86, Outflow from the structure substantially influenced the velocity 

field within the reservoir. The no-discharge velocity field was dominated by 

density-driven currents as buoyancy effects tried to equilibrate the stratifi- 

cation. The velocity field under hydropower operation conditions was much 

different with a very dominant unidirectional longitudlnal flow pattern 

throughout the reservoir. 

87. Even though the impact on the velocity field was great, the short- 

term effects of hydropower operation on the reservoir stratification were 

minimal except near the dam. The warmwater wedge development and breakup 

impacted the stratification only in the first few miles upstream of the struc- 

ture. The DO levels also showed very little response to the operation of the 

hydroturbines. Therefore, starting and stopping of hydropower did not appear 

to signfficantly impact the overall reservoir stratification, More substan- 

tial impacts on the reservoir stratification appeared to be induced by daily 

heat influx and nightly heat efflux. 



PART V X I I :  CONCLUSIONS 

88. The a p p l i c a t i o n  of CE-QUAL-W2 t o  Corde l l  Z3uEl Reservoi r ,  Tennessee, 

provided s e v e r a l  i n s i g h t s  i n t o  t h e  c h a r a c t e r  of t h e  l ake ,  The model v e r i f i -  

c a t i o n  process  showed t h a t ,  wi th  proper  adjustment ,  t he  model can adequate ly  

p r e d i c t  t h e  temperature arid DO regimes i n  t h i s  r e s e r v o i r ,  These r e s u l t s  a l s o  

ind ica t ed  t h a t  CE-QUAE-W2 was an appropr i a t e  choice  of model f o r  t h i s  

r e s e r v o i r .  

89. The causes behind t h e  dynamic n a t u r e  of t h e  thermal s t r a t i f i c a t i o n  

p a t t e r n s  i n  t h e  r e s e r v o i r  may be pos tu l a t ed  from t h e  t e s t s .  The equilf-brium 

temperature appeared t o  be a dominant parameter i n  t h e  devel.opment and breakup 

of s t r a t i f i c a t i o n ,  The flow r a t e  through t h e  r e s e r v o i r  w a s  a l s o  important  i n  

t h a t  t h e  t r a v e l  tfme a f f e c t e d  t h e  amount of warming which could occur ,  thereby  

determining t h e  s t r e n g t h  of s t r a t i f i c a t i o n .  An eva lua t ion  of t h e  s t r a t i f i e a -  

t i o n  p a t t e r n s  during a per iod  of c o n s i s t e n t l y  h igh  flow ind ica t ed  thaE s t r a t i -  

f i c a t i o n  could exEst a t  high d ischarges .  During t h i s  per iod ,  a drop i n  t h e  

equl.librinm Cemperature quick ly  diminished t h e  s t r e n g t h  of t he  s t r a t i f i c a t i o n  

and, i n  a s h o r t  t ime,  v i r t u a l l y  destroyed i t .  The time requi red  t o  b u i l d  o r  

des t roy  s t r a t i f i c a t i o n  was found t o  be smal l ,  Often,  s i g n i f i c a n t  temperature 

s t r a t i f i c a t i o n  was developed o r  destroyed w i t h i n  a very  f e w  days based on 

s imula t ion  of d a i l y  averaged da t a .  

90,  The h ighly  advec t ive  c h a r a c t e r  of t h e  system meant t h a t  t h e  3.ongf- 

t u d i n a l  v e l o c i t i e s  were gene ra l ly  much l a r g e r  than  t h e  v e r t i c a l  v e l o c i t i e s .  

The hydrodynamic p a t t e r n s  w i th in  t h e  r e s e r v o i r  r a r e l y  changed s$gn%ficanely,  

Flow re .versa ls  were very  uncommon and were observed only during very  10x9 f low 

per iods ,  The impacts s f  s t r a t i % i c a t i o n  on t h e  v e l o c i t y  f i e l d  were p r e s e n t ,  

bu t  l i m i t e d ,  The d i f f e r e n c e s  between t h e  v e l o c i t y  f i e l d s  f o r  equal  flow b u t  

d i f f e r e n t  s t r a t i f i c a t i o n  conditl.ons were almost undetec tab le ,  

91.  The r e s u l t s  of t h e  s tudy ind ica t ed  t h a t  t he  v e r i f i e d  model provides  

a u s e f u l  t o o l  f o r  comparative ana lyses .  However, due t o  t he  l imi t ed  amount of 

observed water  q u a l i t y  d a t a  f o r  v e r i f i c a t i o n ,  and t h e  na tu re  o f  t he  model ad- 

justments (equi l ibr ium temperature i n  p a r t i e ~ l l a r )  t o  achieve t h e  v e r i f i c a t i o n ,  

use of t h e  p r e d i c t i o n s  i n  an abso lu t e  manner may not  be wise when accuracy i s  

i r a n  Before t h e  r e s u l t s  snay be  used wi thout  r e s e r v a t i o n ,  a fur t%aer  

eva lua t ion  of t h e  microcl imate a t  t he  r e s e r v o i r  and t h e  DO i n  t he  r e s e r v o i r  is  

recomaended, 



92.  Since equilibrium temperature proved to be very important in the 

development and breakup of stratification, and the computed equilibrium tem- 

peratures from the Nashville Airport weather station were adjusted for use at 

the reservoir, the development of a relationship between the microclimate at 

Cordell Bull Reservoir and that at Nashville is suggested for any future model 

application to this reservoir. A short-term data collection effort on the 

reservoir similar in format to that of Troxler and Thackston (1974 )  would 

probably suffice. An effort of this type should include the collection of 

wind speed and direction, air temperature, dew point temperature, cloud cover, 

and barometric pressure. 

93 .  In an application to DeGray Lake, Arkansas, Martin (1987 )  observed 

a strong relationship between the wind speed and the heat exchange due to 

evaporative heat loss as would be expected from the empirical equations of 

heat transfer. The equilibrium temperature approach to heat transfer does not 

separate the evaporative heat exchange from the other components. Even though 

a similarly strong correlation between the evaporative heat loss and wind 

speed should exist at Cordell Hull Reservoir, this could nor be adjusted for 

the significantly lower wind speeds at Cordell Hull Reservoir compared to 

those at Nashville. Such adjustment would require recomputatfon of the 

equilibrium temperatures and coefficients of surface heat exchange for the 

reservoir; however, this was not possible for lack of available data. 

94.  A separate modeling concern was the reliability of the DO results. 

The adjustment/verification results were good even though DO supersaturation 

levels were not modeled. The 1979 and 1981 years exhibited only minor DO 

decay as the water passed through the reservoir. Therefore, the DO concentra- 

tions were relatively fnsensitive to the model coefficients which were ad- 

justed to represent this constituent. The only year of the three simulated 

which had significant DO decay was 1945,  for which no comparative data 

existed. 

95 .  As c?iscussed previously, another concern was the unusually high DO 

saturation data observed at the lake during periods when the DO levels have 

traditionally been depleted. This supersaturation was not reproducible by 

CE-QUA%-W2 due $0 the number of constituents modeled and the sparsity of water 

quality data, This phenomenon should be analyzed with a short field study, 

An overnight evaluation of the DO profiles fn the lake should reveal a 

depleted period from respiration if, in fact, algal photosynthesis is 



genera t ing  t h e  supe r sa tu ra t ion .  The unusual  t h i n g  of t h e  s u p e r s a t u r a t i o n  

would make the  r e s u l t s  of an eva lua t ion  of t h i s  s o r t  Pn te re s t ing  t o  a  wide 

range of p a r t i e s .  

96. The weir  a n a l y s i s  r e s u l t s  i nd ica t ed  t h a t  l i t t l e  of t h e  des i r ed  

warming of t he  branches could be  expected wi th  t h e  f n s t a l l a t f o n  of submerged 

we i r s  a t  t he  mouths of t h e  N a r t i n  and DiT%ard Creek embapen t s .  The preven- 

t i o n  of lower l e v e l  exchange between t h e  main stem and t h e  embayments caused 

the  hypolimnetic water behind t h e  we i r s  t o  become s t agnan t ,  Subsequently,  

t hese  DO concent ra t ions  became deple ted ,  Fu r the r ,  t h e  wei r  eva lua t ion  r e s u l t s  

from t h e  I975 sirm~ulation showed t h a t  DO concent ra t ions  may reach  unacceptably 

Pow l e v e l s .  The we i r s  provided only minor thermal  i n c r e a s e s  and s u b s t a n t i a l  

DO degrada t ion ,  However, they d id  provide a  reg ion  wi th  s tab le  s t r a t i f i c a -  

t i o n ,  un l ike  t h e  main stem, 

97 ,  A short-term hydropower eva lua t ion  was performed which demonstrated 

t h e  e f f e c t s  of hydrodynamics on s t r a t i f i c a t i o n  f o r  t he  per iod  s e l e c t e d ,  The 

warmwater wedge resu l tEng from t h e  drawdow of t h e  thermoclix~e a t  rhe o u t l e t  

was of p a r t i c u l a r  i n t e r e s t .  This  wedge developed during genera t fon  pe r iods  

and was buoyed up during pe r iods  of no d ischarge ,  The n ight t ime cool ing  of 

the  su r f ace  waters  was a l s o  ev iden t .  The coo le r  waters  generated v e r t i c a l  

d i f f u s i o n  and mixing of t h e  upper l a y e r s .  

98.  I n  summary, t h e  model eva lua t fon  of t h e  Corde l l  FKulE Reservoir  pro- 

v i d e s  i n s i g h t  i n t o  the  r e l a t i o n s h i p  between t h e  s t r a t i f i c a t i o n ,  hydrodynamics, 

and meteorology of t he  system. The h ighly  advec t ive  na tu re  of  t h i s  r e s e r v o i r  

means t h a t  i t  i s  d i f f i c u l t  t o  do anything wi th in  t h e  r e s e r v o i r  t o  impact t h e  

in- reservofr  o r  the r e l e a s e  wares q u a l i t y ,  The in-reservobr  q u a l i t y  i s  d i c -  

t a t e d  almost wholly by t h e  q u a l i t y  of $he inf lows ,  I f  s e l e c t i v e  withdrawal 

were usab le  he re ,  perhaps some resource  conserva t ion  could be e f f e c t e d ;  how- 

eve r ,  t h e  high outflows are w i t h d r a m  from top  t o  boctsm, making the  r e t e n t i o n  

time Pow f o r  t he  e n t i r e  water column, This  problem prevents  t h e  modificatEon 

of t h e  r e l e a s e  q u a l i t y  u n l e s s  t h e  in - r e se rvo i r  wader q u a l t t y  i s  maiodl.fied as 

the  withdrawal p a t t e r n s  a r e  e s s e n t i a l l y  the  same f o r  a I I  s t r a t i f i c a t i o n s  and 

flow r a t e s ,  The only obvious changes which could s ign5f icant l .y  impact the  

water qual l . ty  are a  change i n  t h e  inf low q u a l i t y  o r  the metesreilogy o r  a 

s t r u c t u r a l  change t o  ghe p r o j e c t  (e .g , ,  we i r s ) .  

99 ,  En gene ra l ,  without  some phys i ca l  change $0 the r e s e r v o i r  o r  a 

change i n  t h e  weather ,  the  only way t o  s u b s t a n t i a l l y  ehange t h e  in - r e se rvo i r  



water quality (and thereby the release water quality) is to change the inflow 

water quality. Upstream changes to the operations of the Wolf Creek and/or 

Dale Hollow dams might influence the Cumberland River water quality at and 

below Cordell Hull Reservoir. As these two projects are storage impounhents, 

rhe problems posed by full-depth withdrawal and unidirectional flow of Cordell 

Hull may not be encountered. 
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AFPENDIX A: BOUNDARY CONDTTLON INPUT DATA 
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Figure  A l ,  Discharge through Corde l l  Flu19 Lock and Dam 



JULlAN DAY 

a. 1975 

JULIAM DAY 

b. 1979 

JULIAN DAY 

c. 'I981 
LEGEND --- - GAGED INFLOW 

- - - m e  COMPUTED INFLOW 

F i g u r e  162. Gaged and computed fnnPPow f o r  the  Cumberland R i v e r  



17,000 

0 
W 
m 2 12,750 

a 
0 

W' 8,500 
0 
K 
d 
I 
o 4,250 
E 
0 

0 
75 100 125 150 175 200 225 260 275 300 325 

JULIAN DAY 
a. 1975 

75 100 125 150 175 200 225 250 275 300 325 

JULIAN DAY 

b. 1979 

JULIAN DAY 

c. 1981 

Flgxnre A 3 .  T o t a l  inf low other  than Cumberland River  



17,000 

6)  
W 
07 
"- 12,750 
2 
a 
0 

Mi 8,500 
C9 
K 
Q 
I 
(d 4,250 
2 .  
a 

0 

75 100 '125 450 175 200 225 250 275 300 325 

JUL.IAN DAY 

b. 4979 

Figure  A 4 ,  Obey Rfver contribution t o  Cum5erTand River i n f l o w  



35 

30 
0 

Wl O 25 

5 20 

k 
tK 15 
W 2 10 
L- 

5 

0 

75 100 425 150 175 200 225 250 275 300 325 

JULIAN DAY 

a. 1975 

35 

30 
(d 

; 25 
[r 

20 
d 
E 15 
W 

!$ 10 
W 
I- 

5 

0 

75 100 125 450 175 200 225 250 275 300 325 

JULIAN DAY 

b. 4 979 

35 

30 
0 

OU- 25 
E 
3 20 
I- 
d 5 15 

$ 20 
I- 

5 

0 

75 400 925 450 175 200 225 250 275 300 325 

JULIAN DAY 

c. 1981 

PEgure A5, Inf low temperatures f o r  Obey River con t r ibu t ion  
t o  t he  Caxsnlserland River 



.IUblAN DAY 

c. '1981 

F i g u r e  AQ. In f low DO f o r  Obey River c o n t r i b u t i o n  
t o  t h e  Cm~berEand Rfver 



75 100 125 150 175 200 225 250 275 300 325 
JULlAN DAY 

a. 1975 

LEGEND -- 
ROUTED 

----a ADJUSTED 

F i g u r e  AS. Nashvill..Pe D i s t r i c t - - r o u t e d  and a d j u s t e d  i n f l o w  
t e m p e r a t u r e s  f o r  Cumberland R i v e r  



A 
16 

;3' 
Z ,- 12 
W 
13 > 
:: 
E 
3 4 
2 
2 
B 

0 

75 100 125 150 475 200 222 2250 275 300 325 
JULlAQd DAY 

a. 1975 

JULIAN DAY 

b. '9979 

75 1 125 1563 176 200 225 250 275 300 ' 326 
JULIABU DAY 

c. 1987 
LEGEND - ROUTED 

*-ere ADJUSTED 

F i g u r e  A 8 .  MashviPSe Diserict-routed and a d j u s t e d  inflow D O  
f o r  ehe Cumberland River 



75 1W 925 158 176 2 225 250 275 300 ' 325 
JULlAN BAY 

a. 1975 

40 

35 
0 

0 30 
lu- 
m 25 
3 
2 20 
E 
~ b f  15 
l'L 

5 10 
t- 

5 

0 
75 4M 125 150 f 75  2 245 250 275 300 ' 326 

JULIAM BAY 

c .  4987 
LEGEND 

-= - NASHVILLE WEATHER STA1"ION ----- ADJUSTED 

Piglase A s ,  Unadjusted and ad jus t ed  equilibrium f emperatures 



48.3 
6 
Z 
'2 
0 cp 
i; UJ 52.2 2 $ 
z o o  

Om 6.1 2 $2 
I 
0 
X 
Lu 

0 

JUblAN DAY 

b. 1979 

f 8.3 
6 
Z 
W 
U CJ 
LL '$ 12.2 ; $ 
0 U 
w0 
Om 2 2 6.1 

E 
d, 
x 
W 

0 

JULIAN DAY 

e. 1981 

Figure AEO,  CoeEEicfent s f  sur face  heat exchange 



APPENDIX B: SENSITIVITY ANALYSIS 



1. Early in the calibration phase of the study it became evident that 

the usual model adjustment coefficients for thermal energy distribution could 

not be manipulated to provide a good match between the observed data and pre- 

dicted data. Therefore, an analysis of the impacts of various parameters on 

the reservoir's thermal patterns was initiated. The following parameters were 

investigated: 

a. Solar radiation (SRO). The net shortwave input into the system. - 
b. Equilibrium temperature (ETM). Temperature at which the net - 

rate of heat exchange between the water and the atmosphere is 
zero for given meteorological conditions. 

c.  Coefficient of surface heat exchange (CSHE). The rate of heat - 
transfer across the air-water interface. 

d. Longitudfnal momentum diffusion coefficient (AX). The diffusion - 
coefficient for momentum along the reservoir axis. 

e. Longitudinal temperature diffusion coefficient (DXL). The dif- - 
fusion coefficient for temperature along the reservoir axis. 

f. Withdrawal description (QOUT(K)). Number and distribution of - 
releases at the downstream boundary. 

g. Inflow temperature (TIN). Temperature of the water entering the - 
reservofr at the upstream boundary. 

h. Initial temperature. Uniform temperature in field from which - 
the computations are initiated. 

2. These comparisons were made for a 30-day period in the late spring 

of 1979. This period was selected as a typical, seasonally high flow period, 

The high flow period was of particular interest as this reservoir is advec- 

tively dominated for much of the year. The short time span used for this 

evaluation (30 days) also means that seasonal impacts cannot be deduced from 

the results. 

3. A "standardsv simulation was performed by which the alternatives 

might be judged. The following parameters for the standard simulation were 

used: 

SRO = NORMAL 

CSHE - NORMAL 
INITIAL TEMPERATURE = 9.9' C 

QOUT(K) = uniform velocity distribution from layers 5 through 26 



These v a r i a b l e s  e s t ab l i shed  the  base cond i t i on  f o r  comparison. The N O M E  

des igna t ion  simply means t h a t  t h e  d a i l y  averaged inpu t  va lues  f o r  t h i s  p a r t i c -  

u l a r  v a r i a b l e  were not ad jus ted .  

8 18 12 14 

TEMPERATURE, O c  

Figure R I .  NeteoroEogical eva lua t ion  

4 ,  F igure  131 demonstrates t h e  r e l a t i v e  importat~ce of the  i.nd9-vidual 

meteoro logica l  i npu t s .  The curve f o r  the  adjus ted  s o l a r  r a d i a t i o n  (SRO x 0,5) 

coinc ides  wi th  t h e  base condi t ton  wi th in  0,1° C.  I& can e a s i l y  be seeu  t h a t  

rhe thermal  s t r u c t u r e  s f  t he  l ake  f s  much more s e n s i t i v e  t o  changes i n  t h e  

equi l ibr ium temperature and t h e  c o e f f i c i e n t  s f  s u r f a c e  h e a t  exchange than to 

t h e  sh.ortwave r a d i a t t v e  %.seat i n f l u x ,  

5 ,  The r e s e r v o i r  i s  advrc t ive ly  dominated wich coldwater inflow. 

Therefore,  the  d i f f e r e n c e  between the  equ i l i b r ium temperature and the  s u r f a c e  

water  temperature tends  t o  be l a r g e  and i s  u s u a l l y  p o s i t i v e .  From t h i s  

eva lua t ion ,  It can be reasoned from Eqetations B 1  and B% t h a t  i f  the  o v e r a l l  

shortwave r a d i a t i v e  input  Is r e l a t i v e l y  smal l ,  no s u b s t a n t i a l  changes t o  t h e  

thermal s t r u c t u r e  wi.11 be  induced by the  adjustment of B and y . 



where 

H = heat transfer into or out of the surface layer, OC-cu m/sec 
S 

K = coefficient of surface heat exchange, m/sec 

T = equilibrium temperature, OC e 
T = surface temperature, "C 
s 
f3 = percentage of incoming solar radiation absorbed in the surface layer 

$ = shortwave radiation reaching the surface (SRO), 'C-m/sec 

Ax = segment length, m 

B - segment width, m 
i 

= heat absorption in layer i, OC-cu mlsee 

e - mathematical constant (2 .71828)  
- 1 

y = attenuation coefficient, m 

' i = depth, m 

i 
= width of segment i , rft 

6. The advective nature of the system also prevents large changes in 

8 18 12 4 4 

TEMPERATURE, 'C 

Figure B2. Inflow temperature evaluation 



the initial inflow quality during high flows as flow passes through the reser- 

voir. Figure B2 demonstrates that a 2' C reduction in the inflow temperature 

resulted, for this period, in a greater than 1' C reduction over the entire 

water column near the outlet, Therefore, the water quality In the reservoir, 

even at the dam, is highly dependent on the inflow water quality. 

7. The size of and flow distribution created by the outlets are also 

important considerations as seen in Figure B 3 ,  The ranges provided in the 

legend of Figure B3 represent the model layers over which the uniform velocity 

TEMPERATURE, O C  

Figure B3. Outlet size comparison 

distribution withdrawal was established at the downstream boundary. The loca- 

tion of the thermocline near the outlet is very dependent on vertical veloci- 

ties near the structure which, in turn, are dictated by the outlet configura- 

tion. The temperatures at the bottom and at the surface appear to be less 

sensitive to the outlet configuration than those i a a  the metalirnnion, but over 

longer simulations, more substantial impacts might be attained. As expected, 

the high-"level outlets produced a higher thermocline, This indicates that at 

least some Influence on the stratification can be exerted by the selection of 

withdrawal descriptions. 

8, The impacts of varying initial conditions were minimal for the 



period evaluated. The base simulation began with a uniform temperature field 

of 9.9" C. Simulations were also performed with initial temperature fields of 

5" and 13" C. Within 15 days, during this high flow period, the same tempera- 

ture field was produced for all three simulations. 

9. The diffusion coefficients for momentum and temperature were also 

found to be relatively unimportant during this period. The base condition 

employed values of 1.0 sq m/sec for both diffusion coefficients. Both were 

increased to 10.0 sq m/sec and the simulation performed again. The simula- 

tions produced the same temperature field within 0.1' C. 

10. The parameters which showed the capability to significantly impact 

the thermal regime in this limited application were equilibrium temperature, 

coefficient of surface heat exchange, inflow temperature, and outflow distri- 

bution. Many of the traditional adjustment parameters in reservoir modeling 

exhibited little or no influence on the in-reservoir or release water quali- 

ties. This information can concentrate the adjustment effort on the param- 

eters which may produce a significant improvement in the results. 




